The historical background, technological issues, and engineering applications of inductive power transfer are presented in this paper. The authors also share their vision and arguments on the engineering challenges and future developments such as roadway powered systems.
I. INTRODUCTION
Inductive power transfer (IPT) has now grown from a fledgling technological base in 1995 to a $1 billion industry around the world today. IPT couples power from a track to a pickup coil on the receiver where both the track and the pickup coil are tuned at the operating frequency to enhance the power transfer. IPT finds application in factory automation, in clean factories (eFA) [1] - [10] , for lighting applications [11] - [15] , for instrumentation and electronic systems [16] - [34] , in biomedical implants [35] - [39] , in security systems, harsh environments, and lots of other applications where its unique features can be exploited [40] - [45] . The dynamic powering of vehicles on monorails has spread to floor mounted automatic guided vehicles (AGV) and other industrial vehicles for flexible manufacturing lines that can operate inside or outside, and in cool stores, and wet areas [46] - [55] . More recently applications for IPT have spread to the automotive industries where in the push for electrification of personal transportation systems IPT can offer some highly attractive possibilities [56] - [88] . These are hands-free charging systems that are unaffected by dirt, chemicals, or the weather and can, in principle, be extended to dynamic charging systems where a vehicle may be charged while it is in motion on an instrumented lane along the road [89] - [101] . Such systems offer convenience and reliability and surprisingly may well be the lowest cost of all private transportation options including conventional vehicles. But in achieving these features there are some significant difficulties that must be overcome. This paper reviews developments in the technology over the past two decades, which began with industrial applications but have recently shifted to designs that can meet the challenge of powering electric vehicles (EVs) under both stationary and dynamic conditions. This review begins with early designs focused principally on factory automation systems to power vehicles with constrained movement. In all such IPT systems thus far, energy has been coupled from a primary to a secondary across an air gap of significant but small proportions that stays relatively constant, even in the presence of movement. The primary coil on a monorail has the form of an elongated loop that is loosely coupled to a pickup coil on a vehicle and may transfer 1-10 kW of power across a 4-10-mm gap. With an AGV, the air gap may be 10-20 mm, and there may be a possible misalignment of similar magnitude (10-20 mm) .
With the success of such systems, the focus of the last decade has been on developing systems that have improved tolerance to misalignment and can handle the variations in coupling which result. This has required improvements in magnetic design and control of power so that practical EV charging systems can now be considered for stationary charging systems without alignment aids, although dynamic power transfer to EVs on the move is still a challenge. Typical vehicles have air gaps between 150 and 300 mm, depending on size and application. If an EV has an air gap of 175 mm to the road, and the track system in the road has to be covered by 75 mm of bitumen, the de facto air gap is 250 mm. For such a vehicle, the required misalignments could easily be as high as AE300-600 mm. Furthermore, the vehicle may go on and off track as it moves along the road causing large changes in the magnetic circuits that couple the power from the roadway to the vehicle. These large changes present as changes in the inductances of the pickups and the track and make tuning the system difficult. In comparison with state of the art technology, IPT roadway requires power levels, air gaps, and misalignments that are all ten times higher, but the efficiency must also be very high as, for example, a track buried under the road surface cannot be cooled. Finally, the paper discusses many of the outstanding problems to be solved to enable widespread acceptance of the technology.
II. PREINDUSTRIAL IPT SYSTEMS
From the time of Ampere and Faraday and the founding of electric engineering based on their laws, the idea of wireless transmission of power has always been a goal. At high frequencies, work by Hertz where energy from a spark was coupled from one loop to another led ultimately to modern day radio systems, propagating power over large distances but with appallingly low efficiencies. Faraday's work led to direct current (dc) and alternating current (ac) machines which were greatly enhanced by the invention of the induction machine by Nikola Tesla and in all these cases power was coupled from a stator to a rotor and usually converted from electrical power to mechanical power at the same time. Here, the efficiency could be high, but the coupling distance was small and very constrained. Threephase and single-phase transformers also couple power from one winding to another, but the coupling is again constrained and very short.
Experiments to couple power to moving trains were not successful but low-power signals could be transferred, and so the myth was propagated that wireless power transfer over large distances with a coupling that was tolerant of misalignment and air-gap size, and was unaffected by dirt, water, ice, or chemicals was not practically possible. Signals-yes, power-no, and this categorization persisted for more than 100 years. On the ''signals'' side, there have been significant developments with wired communications systems and inductive antennas, and noncontacting current sensors where the current in a wire is measured by measuring the magnetic field around the wireVAmpere's lawVwithout making physical contact with the wire. But from a power point of view, there was no progress through the whole of the 19th century. At that time, there were very few ideas, and no technology to support them.
Perhaps the first real attempt to couple significant power was Hutin and Le-Blanc (U.S. Patent 527 857) who proposed an apparatus and method for powering an EV inductively in 1894 using an approximately 3-kHz ac generator. More recently, Otto [Provisional Patent NZ19720167422, JP49063111 (A)] proposed an inductively powered vehicle in 1972 using power generated at 10 kHz by a force commutated sinusoidal silicon controlled rectifier (SCR) inverter. His work proposed two spaced-apart circular crosssection conductors made of copper buried some 20 cm under the road, each carrying a current of 2000 A in opposing directions. The system had no controller; the pickup was series tuned, rectified, and connected directly to a dc drive motor. The work was abandoned, in 1974, but it did establish that power could be coupled to moving bodies.
Academic interest in IPT-powered EVs picked up in the late 1970s when, for example, Bolger, Ross, and others began publishing papers on electric highway systems [89] - [94] . A major project organized by The Partner for Advanced Transit and Highways (PATH) project in California was active through the 1980s, developing a roadwaypowered IPT vehicle with a variable air gap [95] . The work achieved 60% efficiency powering a bus using machine generated electric power at 400 Hz coupled across the air gap to drive the bus. The air gap was controlled to be 50-100 mm when coupling power and 150-200 mm when not coupling power. Power control on the bus was achieved by capacitively detuning the pickup system, thereby placing a large volt.amps reactive (VAR) load on the generator, which the generator could easily supply at reduced efficiency. The project was later abandoned.
In 1986, Kelly and Owens proposed powering aircraft entertainment systems using wires under the carpet in the passenger bay of an aircraft. The system had essentially no controller [19] . A power supply generated a current at 38 kHz that was used to drive the wires, and pickups under each seat could couple 8 W for each passenger. Power for each passenger was regulated by essentially a large zener diode acting as a shunt regulator on each parallel-tuned pickup so that the generator ran at constant load but was very inefficientVfor 120 passengers, there was a continuous combined load of 1 kW. The advantages of an IPT system were that all the seats could be taken out to convert to a cargo aircraft and there were no plugs and sockets that could get damaged in the process so that the turnaround time was significantly shortened. This innovation was followed by Turner and Roth (U.S. Patent 4 914 539) in 1990 using much the same infrastructure but with a controller on each parallel-tuned pickup circuit so that the VAR load on the pickup was varied to supply each entertainment system with a constant voltage. The system operated with constant resonant voltages on all the pickups, which conserved real power but placed a large VAR load on the generator under light loading conditions.
In 1991, Boys and Green at the University of Auckland produced an IPT system potentially suitable for materials handling and other applications (U.S. Patent 5 293 308). This patent became the cornerstone of much of the work in IPT systems over the past 20 years as it was the first systematic approach to an IPT system where the components of such systems could be identified, and separately improved. At the time of the development, the work was licensed to and funded by Daifuku Co. Ltd., so the development was compatible with Japanese regulationsVin particular, the operating frequency was constrained to be below 10 kHz. The complete system included a resonant power supply driving an elongate inductor, parallel tuned with a capacitor, and a number of parallel-tuned pickups, each with its own decoupling controller, supplying power at nominally constant voltage to their particular load [2] , [7] . The operating frequency was the ringing frequency of the elongate inductor with its tuning capacitor, and varied with temperature and with the VAR load reflected back to the elongate conductor as the load on the pickups varied. From the earliest time it was always thought that a vehicle driven by this technology would be constrained laterally by some form of track so the elongate inductor was called the ''track,'' and this name is universally used.
In this work, the invention of ''decoupling'' solved perhaps the biggest problem in all IPT systems using naturally (load) resonant power supplies where the frequency is uncontrolled and allowed to vary at the natural frequency of the tuned circuit seen by the supply (including the load). Here with decoupling the pickup coil can be shortcircuited (decoupled), or it can be fully tuned, taking full power from the track and supplying it to the load as described in Sections IV-A and IV-B. Without such control, if too many circuits are switched on and are lightly loaded, the track power supply will bifurcate and the system becomes unusable. Thus, bifurcation is a major problem which a decoupling controller can eliminate, enabling multiple independent loads to operate from a single track without interference.
In the light of these developments, the essential elements of an IPT system are: 1) a utility to VLF (very low frequency 3.0-30 kHz) or LF (low frequency 30-300kHz) power supply for energizing a track; 2) the track itself with its frequency compensation and magnetics construction methodology; 3) a pickup system for taking power magnetically from the track; 4) a controller for controlling the power transfer process to a dc output voltage.
III. DEVELOPMENT OF INDUSTRIAL IPT POWER SUPPLIES
At the present time, IPT power supplies typically operate from a three-phase utility to produce a current in the track at the desired frequency. This track current is commonly a constant current so that all pickups on the track have the same magnetic excitation. The track may be an elongate loop or one or more pads, and there may be one or more pickups operating from a given power supply at the same time. The track frequency may typically be anywhere in the range 5-140 kHz, although in lower power levels even higher frequencies may be used. In principle, there are two major power supply groupings that may be made and all power supplies belong in these groups [102] - [114] . The power supply either operates at a fixed frequency or a variable frequency, and the track inductance is either series compensated with a series capacitor, or it is parallel compensated. There are, therefore, four general types of power supply but sometimes these classifications may become quite blurred. Nonetheless, these classifications lead to characteristics that are beneficial or not to the IPT system and ultimately determine how useful that system is. Unfortunately, there are so many concepts and circuits for power supplies that in the space available it would be impossible to cover them all. Here, the requirements for a power supply are listed followed by a description of the earliest power supplies used widely in factory automation (FA) and clean FA. A discussion on power supply characteristics is then followed by the presentation of a modern IPT power supply.
A. Functions of an IPT System
A power supply takes power from a utility and energizes a primary loop or track to which pickup coils may be magnetically attached. A typical arrangement is shown in Fig. 1 . In its most basic form, an IPT pickup consists of a coil of wire in close proximity to the track wires positioned to capture magnetic flux around the track conductor. A voltage is induced in this coil as described by Ampere's and Faraday's laws. Conceptually, this is very similar to a transformer, albeit with a much lower magnetic coupling. As in transformer design, magnetic material such as ferrite is used to direct the magnetic flux and improve the coupling between the track and any pickups.
The performance of an IPT pickup is primarily determined from two parameters [7] : the open circuit voltage induced in the pickup coil at frequency ð!Þ due to the primary track current ðI 1 Þ, V oc ¼ j!MI 1 , and its short circuit current I sc ¼ MI 1 =L 2 , which is the maximum Fig. 1 . General arrangement for an IPT system. current from V oc limited by the impedance of the pickup coil inductance !L 2 . Here, M is the mutual inductance between the track and the pickup coil.
The product of these two parameters results in the uncompensated VA of the pickup ðS u Þ
Without compensation, the maximum power that can be drawn from a pickup is S u =2, which is generally not sufficient. In order to improve the available power, the pickup inductor is compensated with capacitors such that it resonates at or near the frequency of the track (providing the frequency of the track does not vary considerably). Normally, the compensation capacitor ðC 2 Þ is applied either directly in series or in parallel, although paralleltuned pickups are more common due to their inherent current limiting capabilities [7] , [12] - [15] , [115] - [118] , [121] - [124] , while more complex forms of tuning can be applied depending on desired response and expected operation [119] , [120] . The ac tuning causes a resonant current to flow in the tuned L 2 C 2 circuit, which is boosted by Q, while the voltage ðV c Þ across the capacitor is similarly boosted by the circuit Q. Here, Q is the tuned quality factor, which is determined by the output load or controller by controlling the output voltage/current [7] .
Thus, for the parallel-tuned regulator, this tuning enables the output voltage seen by the regulator to be increased in proportion to the circuit's resonant Q, while for a series-tuned pickup, the output current is boosted by Q.
In either case, the output power into a load is thereby improved by 2Q resulting in
In the case of the parallel-tuned circuit shown, the resonant current circulates in the L 2 C 2 loop, and, thus, the
. This places a natural limit on Q since VA essentially increases with Q, while the bandwidth of the circuit reduces as a function of !=Q.
While it is desirable to select tuning components with naturally high component Q's, practical factors such as the pickup VA rating, component tolerances, and aging affect the sensitivity and power transfer of the circuit, especially if the operational circuit Q is high. In consequence, this operating Q is normally designed to be less than ten for all practical operating conditions. Other means for improving the power transfer are by increasing the frequency or magnitude of the track current. Both these factors are limited by the ratings of semiconductor devices used in the power supply, and Litz wire used in the track and magnetic components. The remaining factors affecting power relate to the magnetic design of the pickup.
In a practical situation, the power transferred by such tuned circuits places an impedance (in Ohms) on the track based on the tuning topology [121] - [124] . When the system is operating at its tuned frequency, this can be described as
Thus, the track loading is purely resistive for series tuning but has a fixed reactive part for parallel tuning assuming the pickup is guided along a track and has constant M, as expected for monorail-based systems. In systems where the pickup can move lateral to the track or there is mistuning, then there will be additional VARs. The power supply must maintain a current in the track I 1 despite any variations in the VAR loading that can occur. In consequence, some work has been undertaken to control the VARs on either the pickup or the power supply side but such solutions generally involve adding to the cost and complexity of the system [125] - [128] .
B. Power Supply Requirements
At its most basic level, a power supply should, therefore, include:
an input rectifier and filtering system; an H bridge (or other) inverter section; an isolation transformer so that mains potential and frequency cannot be output; capacitor compensation for the track; a track-current controller.
C. Early IPT Power Supplies
At the time early experimental work with IPT was undertaken, power electronics was still the domain of force commutated SCR converter circuits and power transistors were promising but primitive. In consequence, the use of SCR circuits could be avoided but the power handling capacity of the circuits had to be managed as much as it was possible so that the transistors only switched the real power while the track VA was significantly larger. Several resonant circuit topologies had this ability and a circuit using a dc voltage source (formed by simple rectification of a three-phase utility) with a dc inductor and a phase splitting transformer, a resonant parallel-tuned track, and only two power electronics switches was chosen and is shown in Fig. 2(a) [102] . This circuit does not meet the requirements listed above but it does produce a very low distortion sine wave output and maintains efficiency by having zero voltage switching and nearly zero current switching as the switch current is typically five to ten times lower than the track current. If the circuit can be kept perfectly tuned, the diodes in series with the switches can be eliminated, but, in fact, they are always added as perfect tuning in an IPT system is never achievable. The circuit has a feature in that the output peak voltage is times the dc input voltage so that it is particularly useful in countries like Japan where the utility voltage is low as the higher output voltage allows longer tracks to be driven. Where the utility voltage is high, a version of the circuit without a phase splitter is preferable. However, while this resonant circuit allowed IPT systems to be built, it had a number of severe difficulties. The track current is directly determined by the utility voltage and is not dynamically variable. To maintain zero voltage switching requires the circuit to follow the resonant frequency as it varies with load on the system and under light loading the circuit will bifurcate and run off-frequency at much lower power. The circuit is difficult to start and to stop and protection from overload conditions and bifurcation is challenging as the switches cannot be switched off when there is any current in the dc inductorVthe normal condition. The circuit is not isolated from the utility and presents a significant hazard in operation.
As the state of the art in power transistors, improved hard-switching transistors on 700-V bus bars became feasible and a far wider choice of power supply circuits began to be used. These transistors were developed for the ac motor control market but they allowed switching rates of 20 kHz and more and made the complete control of IPT systems possible. In particular, IPT systems could now be operated at a fixed frequency as the VAR loads could be switched by the transistors, and resonant tracks could be switched on and off under complete control. As transistor switches continue to improve, the operating frequencies can become higher still so that IPT systems can be smaller, limited now by the ratings of the capacitors. Today, it is feasible to envisage an IPT system where the track is not resonant, but, at present, such systems would still be too inefficient to be able to compete with resonant tracks and resonant pickups.
D. Modern Power Supplies
With the improvement in transistors there was real choice: power supplies could be fixed frequency or variable frequency, and the track could be series or parallel tuned. Series-tuned tracks have a particular attraction as in principle they have no VAR load and the track current can be controlled by operating near but not at a perfect resonance condition, and varying the output voltage of the H bridge to hold the current constant over a wide range of loading conditions. This control is lost if the VAR load on the track is too severe. The ability to directly control the current comes at a high cost as that current must go through the switches so the power supply loses efficiency on light loads.
The question of variable or fixed frequency operation is difficult. In systems coupling one power pad to another with widely varying parameters, there are significant advantages in a variable frequency as small changes in the frequency can tune out VAR loadings and make the operation more efficient. The system cannot allow the frequency to change automatically or the IPT system may bifurcate and significant power transfer will be lost, but selected fixed frequencies can be chosen to achieve a much better result without difficulty. In a monorail situation, the frequency cannot really be altered to suit a multiplicity of pickups but the chances of bifurcation can be reduced by using controllers on the pickups such that when they are lightly loaded the pickups run at very low Q or indeed switch off completely, and in the process maintain a constant VAR load on the power supply. These situations apart from the economics of IPT systems mean that they must in general be reasonably loaded, and under high loading conditions the only real guarantee against bifurcation is a fixed frequency system. New power transistor families such as generation 6 insulated gate bipolar transistors (IGBTs) and silicon carbide (SiC) metal-oxide-semiconductor field-effect transistors (MOSFETs) with diodes that have negligible recovered charge allow H bridges to switch VAR loads without difficulty at frequencies up to more than 50 kHz and make fixed frequency switching the clear choice for most IPT power supply applications. A circuit diagram for a power supply that meets the requirements listed above is given in Fig. 2(b) .
This power supply has an input line filter for preventing electro-magnetic interference (EMI) propagating back to the utility followed by a conventional line filter and a three-phase bridge using six fast recovery diodes to reduce EMI generation.
Unlike motor control circuits, the frequency of operation is high, typically 20 kHz, so that the filter capacitor can be surprisingly small, in the order of 2 F per kW for the power supply. The very small capacitor means that the power supply can be started direct-on-line (DOL) without concerns for the inrush current, and fault currents in the inverter are small so that device failures do very little damage to other components. There is no dc inductor which improves both the power factor and the efficiency by 1%-2% [111], [113] . The H bridge is conventional and is followed by an isolation transformer driving a track inductor in parallel with a tuning capacitor. On load the resonating current for track L 1 is supplied by the tuning capacitor ðC 1 Þ and the real power is supplied by the H bridge. The connection from the H bridge to the primary of the transformer includes the leakage inductance of the transformer, a fixed inductor if required, and a series capacitor if required such that the total impedance in the connection path is inductive ðL p Þ with the same reactance, referred to the secondary, as the track. Thus, referred to the secondary side of the transformer there is an inductorcapacitor-inductor (LCL) impedance converting network [105] - [114] , such that a constant voltage from the H bridge produces a constant track current virtually free of harmonics. The track current may be altered or switched on or off simply by changing the duty cycle of the H bridge.
The circuit has the advantage that the leakage inductance of the transformer is constructively incorporated into the circuit and assists in filtering the harmonics and in creating the current source in the track.
IV. APPLICATIONS USING MULTIPLE PICKUPS ON A TRACK A. The Decoupling Controller
A typical IPT system as applied to materials handling systems is composed of a primary track made up of an elongated loop of wire which may be series compensated to ensure that the inductance is within the limits able to be driven by the power supply. The supply and track are required to provide power to a number of independent loads, each of which couples to the track using a pickup inductor placed in proximity to the track wires. These coupled loads are distributed along the track and each pickup is designed to be nominally resonant at the frequency of the track supply. The output of each tuned circuit is then rectified and regulated to ensure a controlled dc output at a voltage and power level suitable for the chosen load, but the early challenge was to ensure that all of these units were completely independent given each must couple different amounts of power depending on the operation required of it at the time. As described in Section II, a solution to independent control of a pickup is to include a decoupling controller which enables both regulation of power and control of the reflected load back to the primary, and this is shown in the circuit of Fig. 3 [7] .
The concept of a decoupling controller was introduced in Section II but not described in detail. Fig. 3 shows an example of the original patented decoupling controller for a parallel-tuned pickup. Other relevant decoupling controllers have also been described [119] . As shown, the output of the tuned circuit is rectified and filtered using a dc inductor ðL dc Þ and capacitor ðC dc Þ. These values are chosen for the application in mind, but, in particular, it is desirable to guarantee that L dc is sufficiently large to ensure the diodes remain in conduction for the majority of the expected loads [115] , [116] . Series-tuned circuits have also been discussed [117] - [119] and can be used to achieve similar results.
Switch S in Fig. 3 is used to decouple the pickup by completely short-circuiting the coil (power flow is shut off to the load and the resonance in the ac circuit dies so that only the short-circuit current of the winding flows through this switch), and under such conditions the load reflected back to the track corresponds to a small section of track being short-circuited putting a small VAR load on the track, as described in (3) .
In fact, with parallel tuning, the reflected VAR load on the track is constant for all (tuned) loading conditions (assuming the relative position of the receiver relative to the track is constant as in monorail-based systems) and a small VAR load is only apparent if the pickup coil is physically removed from the track. To the track circuit, the action of the decoupling switch is, therefore, to make the pickup appear to not be there.
Thus, if all lightly loaded pickups are decoupled, the problem of bifurcation is eliminated. In the second aspect, the decoupling switch may be used as a controller. If the output of each pickup controller is a dc voltage on a capacitor, then a simple control strategy is to decouple the circuit when the output voltage is high and recouple it when the output voltage is low. A small hysteresis band may be used to set the control frequency to perhaps 100 Hz. Alternatively, state-space averaging may be used to analyze the circuit switching at high speed (20-30 kHz) and control the output voltage as required by varying the duty cycle D of the switch [115] . These two aspects of the action of a decoupling switch (preventing bifurcation and voltage control) are the very essence of controlling an IPT system so that the real power is varied without affecting the VAR load. 
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B. Development of Monorail and AGV Applications
In the majority of material handing applications, the pickup is mounted on a moving unit (bogie) and its output power is subsequently converted to a form useful to drive one or more motors that enable lifting operations or drive a traveling motor to move the bogie along the primary track.
In order to save cost and ensure that long track lengths can be driven, the track in a materials handling application has no magnetic material to enhance the power transfer. As such, each coupled pickup uses magnetic material such as ferrite to improve the local coupling, and, hence, power transfer. For monorail systems, the movement of the system is highly constrained, and, consequently, the magnetic material can be designed to extend partly into and around the track wires to improve the coupling. The majority of such industrial systems use either U-or E-shaped pickups [6] , [7] (an example of the E-shaped pickup is shown in Fig. 4 ) since these pickup shapes were readily available and easy to fit into existing structures.
With the advent of suitable 3-D finite element modeling packages (such as JMAG Studio), the magnetic design of the pickup structure was able to be investigated, enabling new and improved magnetic structures to be rapidly explored, from which a number of new asymmetrical magnetic topologies suitable for track systems were proposed. Of all of these, the S-pickup shape was shown to have significantly higher power transfer capability than both the conventional E and U shapes (by a factor of 2 for the same volume of ferrite as E) but its uptake by industry has been slow because this design requires significant modification to the monorail support system in which most applications are fitted [ Fig. 4(b) ], given traditional track supports interfere with the S pickup in moving applications [9] .
The magnetic design of pickups which are used for AGVs, robots, and other forms of vehicular systems commonly move on and above surfaces which must allow some freedom of movement. Consequently, the track is usually buried and the pickup designs are normally flat, as shown in Fig. 5(a) and (b) [46] , [49] .
Bipolar (rather than unipolar) tracks as shown are usually preferred in commercial applications, due to the natural return path and consequent limit on radiated fields. The flat pickup designs and coil placement of In practice, both are sensitive to any misalignment, however, the vertical pickup is preferred as it couples more power but it is most sensitive to movement and typical tolerances to movement for gaps between the track and the pickup of between 10 and 20 mm are only 10-20 mm laterally.
Over the last decade, there has been a desire to enable improved freedom of movement for such systems by changing the number of track wires, their geometry, and the relative phase of their currents [46] - [52] . Track solutions include repeated or meander track layouts, which still contain areas of low power delivery. A variation of this employs sequentially excited track sections, which require vehicle sensing and switching primary coils [47] , [48] . These systems usually require some form of onboard storage to manage fluctuations and facilitate starting [24] , [41] , [47] , [93] . Recently, polyphase track configurations have been employed to compensate for misalignment by producing a traveling magnetic wave [49] - [52] . The disadvantage of such systems is the cost and complexity of the power supplies and installation required for multiple phases, however, the pickups onboard the vehicles are relatively simple, and there is the possibility to achieve improved transfer to the secondary power receiver if the system is well designed while providing significant lateral tolerance. Of the various track topologies proposed, the simplest is the single phase track while the most promising from the point of view of enabling constant power transfer over a wide power zone is a multiphase system that produces a time-varying magnetic field around the track conductors. This significantly improves the coupling between the pickup and the track, allowing significant improvements to lateral tolerance compared to other approaches. In conjunction with this, changes to the pickup magnetic structure have also been investigated; the most promising of these is a two-coil receiver called the quadrature pickup [53] . As described, such a pickup enables power to be coupled from both vertical and horizontal components of flux, each of which exists above both single or multiphase track systems, so that the tolerance and performance of any pickup receiver can be improved. An example of such a magnetic pickup is shown in Fig. 6 . Magnetic design and electronic optimization can be employed to ensure the best coupling of the available vertical and horizontal flux components, while the controller as described earlier can be simply modified to ensure good steady state and transient operation and efficiency [54] . Surprisingly, the impact on a power supply tuning and operation is improved as a result of using a quadrature receiver over the ''simpler'' designs, shown in Fig. 5 , with little or no loss in efficiency but the additional tuning electronics and rectifier must be included. The only difference between a standard pickup controller and the controller required for a quadrature pickup is that, here, two windings are placed on the pickup receiver and individually tuned, rectified, and added together before being controlled on the load side.
When such a receiver is used on a simple track, rated power transfer can be delivered with six times improvement to the lateral tolerance of the pickup receiver without changing the primary track or power supply. With a threephase track topology this improvement can be increased further by as much as another three times, but the power supply and track will be more complex [53] - [55] .
V. LUMPED CHARGING PAD APPLICATIONS
Lumped charging systems for applications for higher power have also seen considerable development over the past two decades, beginning with plug-in inductive systems [56] - [62] , followed by solutions that have gradually enabled air gaps and tolerances required by the EV industry to enable hands-free charging [63] - [88] . In such applications, the primary and secondary magnetic systems are often either very similar or identical, and generally both use ferrite to enhance power transfer. As a consequence, the demands on the supply can be even more challenging, given that there can be considerable lateral and vertical misalignment from what might be considered ideal, due to variations in parking, vehicle loading, and ground clearance of various vehicles. These variations result in changes to not only M but also L 1 and L 2 , so that some mistuning is inevitable. With larger air gaps, the percentage variation in inductances is usually small, and, therefore, higher operating Q's (3-10) are acceptable, while at smaller air gaps, the coupled power is usually sufficient that operating Q's of lower than 1 may be enough, and, as such, the system has a wider bandwidth and can sustain greater mistuning. Despite this, such variations make power transfer challenging, and, in consequence, most IPT charging systems have one power supply for each coupled load, so that both I 1 and the supply frequency can be adjusted to help compensate these variations.
As described in (2), the power output of an IPT system is quantified in terms of V oc , I sc , and the operating Q of the receiver circuit. When considering lumped systems, it is helpful to rewrite this in terms of the VA at the input terminals of the primary pad ðV in I 1 Þ, the transformer coupling coefficient ðkÞ, and the operating Q of the secondary
The coupling coefficient provides a useful measure for directly comparing the magnetic properties of different pad topologies and can be easily determined by taking a few measurements with an inductor-capacitor-resistor (LCR) meter. When comparing various topologies, the secondary operating Q can be temporarily ignored to decouple the magnetic design and the output power. In practice, the pad input voltage is often limited by regulation placing a constraint on the maximum VA of the primary. Consequently, P su is highly dependent on k, and designs that have maximal k at a given air gap are preferable. Currently, EV manufactures are concentrating on small urban vehicles, and these typically have very low ground clearances, so that the required air gap between couplers can be as small as 100 mm and as large as 280 mm. There is an implicit change in the driving VA as inductances vary with pad movement or design [81] . In practice, the desired VA can be limited by adding series capacitance to the primary pad to effectively lower the inductance seen by the supply, however, the amount that can be practically added is limited because it also increases the tuning sensitivity. As 
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shown in various papers, the peaks in P su and k do not usually occur at the same design point [81] , [83] , [85] . As a result, selecting a pad design that meets performance requirements (e.g., 7 kVA) typically requires a compromise in k and the VA required to drive L 1 .
To date, circular designs are by far the most common coupler topology used for EV charging; these are the most intuitive and have been derived from pot cores [59] , [61] , [64] , [76] , [80] . Circular power pads have been developed using ferrite disks and spokes in [65] , [67] , [81] , and [81] , focused on optimization of ferrite use and layout for a pad measuring 700 mm in diameter, built using readily available I93 cores (three per radial strip). The layout was similar to that shown in Fig. 7 . High power pad efficiency is a critical component in ensuring that the overall system efficiency is acceptable. The loss in a pad is easily quantified by the native quality factor of the inductor coil Q L , which is the ratio of its impedance to its ac resistance at the operational frequency ðQ L ¼ !L=r ac Þ. This accounts for iron loss in the ferrite and eddy current loss in the aluminum. For example, the 700-mm circular diameter pads presented in [81] and [85] had a Q L of 291 at 20 kHz and an inductance 542 uH. This corresponds to a loss of 124 W when driven with a current ðI 1 Þ of 23 Arms. The loss in the receiver pad is often lower or similar given the resonant current is significantly lower than 23 A. The aluminium backing and ring add robustness and provide shielding around the pad to any leakage fluxes which exist. As shown in [88] , the extended radius Al should be sufficient to help reduce field leakage to meet the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guidelines [129] , [130] without contributing unnecessarily to loss.
The relationship between the size of a pad and its ability to throw flux to a secondary pad placed above it has been explained using the concept of fundamental flux path height in [83] and [85] . This is illustrated in Fig. 7 where a cross section of a simulated energized circular pad is shown. The fundamental flux path height (Pz) is approximately proportional to half of the ferrite length, which is one quarter of the pad diameter (Pd/4).
Consequently, polarized couplers have recently been investigated based on shaped bar ferrites, as these have a flux path height approximately proportional to 1/2 of the pad length [82] - [88] , [101] . Early topologies [82] - [84] , [87] are essentially flattened solenoids and produce equal flux paths on both sides of the pad and are, therefore, not as desirable as the single-sided topologies of [85] , [86] , [88] , and [101] .
An example of one of these new single-sided flux pad topologies is shown in Fig. 8 [85] . It has been labeled a DD because of the ideal D shape of the coils sitting on the ferrite base. The improvement is a result of two development stages that eliminate the unwanted rear flux paths by placing two coils above (rather than around) the ferrite strips. The ferrite channels the main flux behind the coils and forces the flux to radiate on one side. Therefore, the aluminum only needs to shield stray fields, resulting in negligible loss. The ideal flux paths are also shown, and these paths allow good coupling to a similarly shaped receiver because the fundamental height ðh z Þ is proportional to 1/2 of the pad length. A key feature to achieving a high coupling factor between two power pads is intrapad coupling k ip [85] . The height of the intrapad flux ð ip Þ is controlled by adjusting the width of the coils in the shaded area of Fig. 8 , to create a ''flux pipe'' between coils a and b. The fraction of flux ip that couples with the secondary pad is mutual flux ð M Þ, therefore, the section of coil forming the flux pipe should be made as long as possible. Conversely, the remaining length of the coil should be minimized to save copper and lower r ac . As constructed, the DD primary surface area is 0.32 m 2 , and it has an inductance of 589 uH, and a Q L of 392 at 20 kHz [85] .
As the secondary (receiver), DD coils can only couple horizontal flux components, and as such the tolerance of the receiver pad to horizontal offsets in the x-direction can be significantly improved if the second receiver coil is added, similar to [53] and [54] . This spatial quadrature coil should be designed and optimized along with the DD structure using the design parameters shown in Fig. 9 to balance the capture of vertical and horizontal flux in a similar way to the quadrature receivers developed for materials handling systems. The additional coil requires lengthened ferrite strips to enhance flux capture and the combined structure is referred to as a DDQ [88] .
Charge zones define the physical operating region where the desired power can be delivered given a particular air gap and operational Q. If a maximum operating Q of 6 is assumed and the air gap is set to 125 mm, the results of a DDQ receiver pad operating with a DD transmitter can be compared with this same pad operating with a circular pad, which has a slightly larger area, but similar inductance, and is driven under identical conditions [88] . The potential charge zones for both systems are shown in Fig. 10(a) and (b). For comparison, the charge zone from the circular on circular is also show as ''C on C.'' Notably, the physically smaller DDQ-DD pads significantly outperform the circular pads. A DD alone provides a charge zone large enough to enable parking without electronic guidance. Either the quadrature or DD coil can be used to supply the full output power in the regions where the DD and quadrature charge zones overlap.
The region outside the explicit DD and quadrature charge zones [indicated by DD þ Q in Fig. 10(a) ] shows the output of either coil is not enough to provide the desired 7 kW, but when both coils are combined, the power output is ! 7 kW. The charge zone for a DDQ on a circular pad is shown in Fig. 10(b) ; this is a far larger zone than that possible with circular pads only. The DDQ receiver is considered to be completely interoperable with systems based on circular pads, and, as shown, an EV will fundamentally have more tolerance.
VI. FUTURE ROADWAY-POWERED SYSTEMS
Unlimited EV range can be realized with a dynamic charging system, however, the receiver on the EV must work equally well with both stationary and moving transmitter pads. Circular pads are not suitable for dynamic charging as they have a null in their power profiles when horizontally offset by 38% of the pad diameter [81] . This null occurs within the pad diameter, so even if transmitter pads are touching along a highway, it is not possible to obtain a smooth power profile. Multiple lines of pads offset to produce on average an even profile with multiple receivers could be implemented but are not economically feasible, given the gaps between pads are likely to be larger for highway systems and require very large circular pads to couple the required distance. A concept where multiple transmitter pads produce a continuous magnetic field when laid in a row was presented in [98] . The new couplers of [85] and [86] are suitable and could be used to meet both stationary and dynamic requirements for roadway-powered applications because the power zone is reasonably smooth in the y-axis. In practice, the pads would need to be scaled in size [85] to meet the 20-60 kW required for charging and propelling a vehicle [96] , but this would offer significant advantages which would make EVs more cost effective than internal combustion engine vehicles (ICEs) [97] . To illustrate the concept, noting larger sized DD pads are required, these pads could be buried under a road and orientated so that the width of the pad (shown in Fig. 9 ) is in the direction of travel (along the y-axis). The DD's presented here are only 410 mm wide and 7 kW can easily be transferred when the DDQ receiver is offset by 205 mm in the y-axis. At this point, the DDQ receiver is also effectively offset from an adjacent transmitter by 205 mm in the y-axis, therefore, continuous power could be provided to the EV. Note that at that point the power is likely to be significantly greater than 7 kW due to the contribution from both pads, thus permitting the transmitter pads to be positioned in the road with a gap between them. This will lower the cost of the system, given fewer pads are needed per kilometer of road regardless of size.
Other roadway systems are under development, an example of which is described by Meins et al. in various patent applications WO2010/000494 and 495. This includes a distributed three-phase track with large threephase pickups for road and rail applications. The system has excellent performance but is expensive and uses a lot of ferrite in the road. Various innovative online EV systems have been developed by KAIST (Daejeon, Korea) with high power transfer and low emissions [99] - [101] . The latest uses a twisted two-wire track buried under the road with alternating ferrite poles along its length. The track is narrow at only 100-mm width but power levels to 35 kW have been obtained at efficiencies up to 74% with misalignments of 240 mm at half power and reduced efficiency. The system uses a series-tuned power supply and track with parallel-tuned pickups and achieves excellent flux leakage conditions significantly lower than ICNIRP recommendations [129] . It uses 1-60-m-long segmented track sections with a lot of ferrite in it and is applicable to personal vehicles and public transport buses. Both of these systems have been through more than one generation, and the technology in them has improved markedly both in performance and cost in each generation so that roadwaypowered EVs are now starting to challenge traditional vehicles.
The problem areas to be solved are cost and development of the roadway infrastructure where fragile magnetic materials such as ferrite have to be integrated into a concrete roadway to give a long service life electrically in a very hostile environment. h
